The causative agent of porcine reproductive and respiratory syndrome (PRRS) is PRRS virus (PRRSV), which belongs to the family Arteriviridae. GP5/M protein complex of PRRSV binds to sialoadhesion expressed on the cells to infect the cells. In this study, we developed a canine adenovirus type 2 (CAV-2) recombinant, termed rCAV2-GP5/M, expressing GP5 and M proteins. To evaluate the immunogenicity of the recombinant virus, mice were inoculated subcutaneously with rCAV2-GP5/M, and specific antibodies against PRRSV in the sera were measured by enzyme-linked immunosorbent assay and the viral neutralization test. Two weeks post-immunization (w.p.i.), anti-PRRSV antibodies were detected in the sera, slightly increased by booster immunization at four w.p.i., and then gradually decreased. The viral neutralizing test showed that neutralizing antibodies were present in the sera collected at two w.p.i., increased by booster immunization, and reached the maximum titer at six w.p.i. Lymphocyte proliferation responding to PRRSV antigens was also observed from two w.p.i. Although further studies are needed to evaluate the usefulness of the recombinant virus to protect pigs from PPRSV, we succeeded in developing a candidate vaccine against PPRSV infection by using CAV-2 vector.
Porcine reproductive and respiratory syndrome (PRRS) was originally documented in the U.S.A. in 1980, and then rapidly spread to other pig-breeding countries and caused huge economical losses [8] . In China, PRRS was firstly recognized in northern China in 1995 and successively became epidemic in most pig farms within several years [7] . PRRS is characterized by late-term abortion, early farrowing, stillbirth and the birth of weak piglets, and is associated with the porcine respiratory disease complex in combination with secondary infections [3] . The causative agent of PRRS is PRRS virus (PRRSV), which belongs to the family Arteriviridae. Both GP5 and M proteins are the main structural proteins of PRRSV, and play important roles in viral pathogenecity and replication [14] . GP5 protein is 24.5-26 kDa in size, encoded by open reading frame (ORF) 5 of the viral genome, and induces neutralizing antibodies in pigs [1, 9, 21] . On the other hand, M protein is 18-19 kDa in size, encoded by ORF6, and contains neutralizing epitopes [4] . GP5 protein forms hetero-dimers with M protein in the endocytoplasmic reticulum that are packaged into viral particles [19] . Recently, Van Breedam et al. showed that the GP5/M glycoprotein complex directly interacts with a cellular receptor, sialoadhesion, to infect cells [20] . This interaction was dependent on the sialic acid binding capacity of sialoadhesion and on the presence of sialic acids on GP5 protein.
Canine adenovirus type 2 (CAV-2) infects a wide range of animals, including cats, dogs and pigs. The genome is 31 kilo base pairs (bp) in length and the E3 region is unnecessary for viral replication. A foreign gene can be inserted into the E3 region and CAV-2 is an excellent vector for expressing foreign antigens [11] . In this study, we utilized the CAV-2 virus to express GP5 and M proteins, intending to develop a vaccine candidate against PRRSV.
MATERIALS AND METHODS

Cells:
Madin-Darby canine kidney (MDCK) cells [6] and MARC-145 cells (derived from rhesus monkey kidney) [12] were grown in minimum essential medium (MEM) (Invitrogen Corporation, Carlsbad, CA, U.S.A.) supplemented with 5-10% fetal bovine serum and antibiotics. These cells were cultured at 37C with 5% CO 2 in air.
The amplification of GP5 and M genes from PRRSV strain CH1a: Primers GP51S and GP51R (Table 1) were designed according to the ORF5 sequence of strain CH-1a, which was isolated in China in 1996 [7] . EcoRV and BamHI recognition sites were added to the ends of the primers, respectively. Primers M1S and M1R (Table 1) were designed according to the ORF6 sequence, and SmaI and XbaI sites were added to the ends of the primers, respectively.
GP5 and M genes of PRRSV were amplified by reverse transcription (RT)-polymerase chain reaction (PCR) using strain CH-1a [7] as a template. Viral RNA was extracted from PRRSV CH-1a-infected MARC-145 cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The cDNA synthesized from viral RNA was subjected to PCR amplification. The PCR condition was as follows: one cycle of 94C pre-denaturing for 3 min, 35 cycles of 94C denaturing for 45 sec, 62C annealing for 45 sec, 72C extension for 60 sec, and finally extension at 72C for 10 min.
Construction of the recombinant viral genome: PCR amplified fragments of GP5 and M genes were digested with EcoRV and BamHI, and SmaI and XbaI, respectively, and the digested fragments were cloned into pIRESneo to produce pIRES-GP5/M (Fig. 1 ). The pIRES-GP5/M was digested with XhoI and NruI, and the expression cassette containing GP5 and M genes was recovered. This cassette was cloned into plasmid pVAX-E3 to produce pVAX-E3-GP5/M ( Fig. 1 ). Further, pVAX-E3-GP5/M was digested with NruI and SalI, and the resulting fragment, E3-GP5-M, was cloned into pPolyII-CAV2 digested with NruI and SalI. Consequently, the recombinant CAV-2 plasmid, termed pPolyII-CAV2-E3-GP5/M, was obtained ( Fig. 1) .
Rescue of recombinant CAV-2 expressing GP5 and M proteins of PRRSV: Five micrograms of the recombinant CAV-2 plasmid pPolyII-CAV2-E3-GP5/M, digested with AscI and PmeI, were extracted and precipitated with ethanol. DNA was dissolved in MEM without serum and antibiotics, and then transfected into MDCK cells by Lipofectamine 2000 TM reagent (Invitrogen) according to the manufacturer's instructions. Cells were blind-passaged 
until the cytopathic effect (CPE) appeared.
Detection of GP5 and M proteins by indirect immunofluorescent assay (IFA):
Recombinant CAV-2, designated as rCAV2-GP5/M, was inoculated into MDCK cells and incubated for 24 hr. The culture medium was then discarded and washed twice with phosphate-buffered saline (PBS). For fixation, the infected cells were treated with cold ethanol for 30 min. After removal of the ethanol, the cells were washed with PBS. Fifty-fold diluted monoclonal antibodies against GP5 and M proteins, named 5D10 and 1A7, respectively [15, 16] were applied onto the cells and incubated at 37C for 30 min. After washing with PBS six times, 100-fold diluted sheep anti-mouse-IgG conjugated with fluorescent isothiocyanate was applied onto the cells and incubated at 37C for 30 min. After washing with PBS four times, the cells were observed under a fluorescent microscope.
Titration of rCAV2-GP5/M: The culture supernatant of MDCK cells infected with rCAV2-GP5/M showing CPE was recovered, filtrated through a 450 nm membrane filter and stored at -80C in aliquots as stock virus until used. To titrate the stock virus, ten-fold serially diluted stock virus was inoculated into MDCK cells grown in a 96-multiwell plate. The plates were incubated at 37C for five days and the presence of the virus was judged by CPE appearing in the wells. Virus titers were calculated using the method by Reed-Muench and expressed as 50% tissue culture infective dose (TCID 50 )/ml.
Vaccination of mice with rCAV2-GP5/M: Fifty-four sixweek-old Kunming inbred mice, purchased from the Experimental Animal Center, Changchun Biological Product Company (Changchun, China), were randomly divided into three groups, 18 in each group. Groups 1 and 2 were subcutaneously inoculated (0.5 ml/mouse) with rCAV2-GP5/M and wild-type (wt) CAV-2, respectively, and boosted 14 days after the initial vaccination. The third group was inoculated with PBS as a control. Sera were collected two, four, and six weeks after the booster and tested for the presence of neutralizing antibodies described in the following sections. Spleens from each group were pooled and analyzed for PRRSV-specific T-lymphocyte proliferation assay, as previously described [18] . To measure cell proliferation, we used a tetrazolium compound MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium]. The stimulation index (SI) was calculated as the ratio of average optical density at 570 nm (OD 570 ) value of wells containing PRRSV stimulated cells to the average OD 570 value of wells containing only uninfected cell lysate with medium.
Enzyme-linked immunosorbent assay (ELISA): A commercial ELISA kit (HerdCheck PRRS; IDEXX Laboratories Inc., Westbrook, MA, U.S.A.) was used to determine PRRSV-specific antibody. Instead of using the anti-porcine IgG conjugated with peroxidase provided with the kit, a goat anti-mouse IgG conjugated with peroxidase (Kirkegaard and Perry Laboratories Inc., Gaithersburg, MD, U.S.A.) was used. The presence or absence of a specific antibody at a given dilution was determined using OD 490 value rather than the sample-to-positive (S/P) ratio because the kit is designed and adjusted to detect swine IgG in sera.
Viral neutralization test: Two-fold serially diluted sera were mixed with an equal volume of 200 TCID 50 of PRRSV strain CH-1a. After incubation at 37C for one hour, the mixtures were transferred to MARC-145 monolayers in quadruplicate in 96-well tissue culture plates. The plates were incubated and observed daily for up to five days for the appearance of CPE. Neutralizing antibody titers were expressed as the reciprocal of the highest dilution that completely inhibited the appearance of CPE.
RESULTS
Construction of GP5 and M expression cassette:
GP5 and M genes of PRRSV strain CH-1a were amplified by RT-PCR and the amplicons were confirmed to be of the correct size ( Fig. 2A) . The structure of the recombinant plasmid, termed pIRES-GP5/M, harboring GP5 and M genes was verified by restriction enzyme (RE) digestion analysis using XhoI and NruI (Fig. 2B ). Furthermore, the sequences of GP5 and M genes and the junction regions of the inserted genes were verified by sequencing.
Production of rCAV2-GP5/M: The plasmid construct, pVAX-E3-GP5/M, was confirmed by RE digestion analysis using SnaBI, KpnI, and NruI/SalI (Fig. 2C) . The recombinant virus, named rCAV2-GP5/M, was rescued by three consecutive blind passages on MDCK cells. The cells showed CPE characterized by cell rounding, enlargement, and grape-like clusters, as observed in cells infected with wt CAV-2. The structure of the recombinant viral genome was also confirmed by RE digestion analysis using PstI, NruI/ SalI, SacI, SnaBI, and SspI. (Fig. 2D ). The titer of the stock recombinant virus was 10 5.6 TCID 50 /ml. MDCK cells inoculated with rCAV2-GP5/M were subjected to IFA using monoclonal antibodies against GP5 and M proteins of PRRSV (Fig. 3) . Specific fluorescent signals against these proteins were observed in infected cells, demonstrating that both GP5 and M proteins were expressed in infected cells.
Immune responses induced by rCAV2-GP5/M in mice: Mice were inoculated subcutaneously with either rCAV2-GP5/M or wt CAV-2, and specific antibodies against PRRSV in the sera were measured by ELISA and the viral neutralization test. Two weeks post-immunization (w.p.i.), anti-PRRSV antibodies were detected in the sera, slightly increased by booster immunization at four w.p.i., and then gradually decreased (Fig. 4A) . The viral neutralizing test showed that neutralizing antibodies were present in the sera collected at two w.p.i., increased by booster immunization, and reached the maximum titer at six w.p.i. (Fig. 4B) .
PRRSV-specific T-lymphocyte proliferation was also observed from two w.p.i. and reached a peak at four w.p.i. after booster immunization, indicating that specific cellular responses were induced in the immunized mice efficiently (Fig. 5 ).
DISCUSSION
In 1995, an outbreak of PRRS occurred in China and PRRSV was isolated from aborted fetuses. The isolate was designated as strain CH1a. [7] . To know the origin and genetic character of the PRRSV prevailing in China, Chou et al. determined the full nucleotide sequence of strain CH1a and compared the sequence with a reference strain isolated in the U.S.A. [5] . By phylogenetic analysis, strain CH1a was found to belong to the American type but not the European type [1] . Subsequently, several Chinese isolates (strains BJ-4, HUB1 and JXA1) of PRRSV were sequenced and also found to be the American type. In this study, we attempted to develop a recombinant vaccine to protect from the American type of PRRSV by using cDNA from strain CH1a.
To protect against PRRS, live attenuated and inactivated vaccines have been developed; however, the efficacy of the current vaccines is not satisfactory. Generally, live attenuated vaccines induce both humoral and cellular immunity in vaccinated animals, but current live attenuated vaccines protect pigs against only homologous or very similar strains of PRRSV due to the relatively high genetic variability of the virus. Live attenuated vaccines may restore virulence during replication in vaccinated animals. To overcome these drawbacks, many researchers are attempting to develop novel vaccines [2, 10, 17] . Notably, Jiang et al. expressed a fusion protein of GP5 and M proteins using a human adenovirus type 5 (HAV-5) vector [10] . When they inoculated the recombinant virus into human embryonic kidney 293 cells, these proteins were expressed and dimerized. When the recombinant virus was inoculated into pigs and mice, the animals produced a higher titer of neutralizing antibodies and lymphocyte proliferation responded to PPRSV antigens than animals inoculated with a HAV-5 recombinant expressing only GP5 protein [10] . CAV belongs to the group of mammalian adenoviruses, which includes CAV type 1 and 2. CAV-2 can infect dogs, foxes, raccoons and pigs with no or slight clinical signs and inducing a high titer antibody to CAV-2. Attenuated CAV-2 is a safe vaccine used for canine infectious laryngotracheitis. Using CAV-2 as a vector, recombinant vaccines expressing antigens of canine distemper virus and rabies virus have been constructed and induced protective immune responses in dogs and mink [13] . We thought that CAV-2 could be modified to be a recombinant vaccine to protect pigs from PPRSV.
In this study, we cloned GP5 and M genes into the multicloning site and downstream from the internal ribosomal entry site, respectively and then the expression cassette was cloned into E3-deleted CAV-2 vector. Recombinant CDV-2, named rCAV2-GP5/M, expressed both GP5 and M proteins efficiently in MDCK cells upon infection (Fig. 3) . It was considered that both GP5 and M proteins were expressed in the cells in a more natural form than the fusion protein of GP5 and M proteins reported previously [10] . When rCAV2-GP5/M was inoculated into mice, immune reactions were induced. The neutralizing antibody titers were relatively high and induced early (Fig. 4 ). In addition, the lymphocyte proliferation assay indicatesd that rCAV2-GP5/M induced cellular immunity in mice ( Fig. 5 ). Both GP5 and M proteins may have formed hetero-dimers and both proteins contributed to induce immunity in mice.
Although further studies are needed to evaluate the usefulness of recombinant virus to protect pigs from PPRSV, we succeeded in constructing a candidate vaccine against PPRSV infection by using CAV-2 vector.
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